Here we describe a practical procedure for sequencing long PCR products. The method relies on ultrasonic shearing of PCR products, resulting in fragments 700-1,000 nt long. Termini are subsequently repaired to obtain blunt ends and 3¢ A-overhangs are added before TA cloning. A predetermined number of clones are sequenced using an insert-independent primer to obtain an overlapping contig covering the full length of the PCR product. This method is cost effective and enables the complete sequencing of any large PCR product in a high-throughput format. Processing of amplified DNA requires 3 h handling time prior to the ligation step, and the clone library is available 2 d later. The complete sequence information is obtained approximately 5 d after the PCR step, depending on the sequencing procedure adopted.
INTRODUCTION

Overview of high-throughput sequencing strategies
The shotgun-based strategy-the technique of preference for sequencing large DNA genomes-has been used for the complete genome characterization of a range of eukaryotes and prokaryotes [1] [2] [3] [4] [5] [6] . Genomic DNA is sheared into 2-50 kbp fragments 2 , 3¢ and 5¢ ends are repaired and cloned into a bacterial vector to produce a library. The 700 bp terminal regions of these clones are sequenced with insert-independent vector primers 7 , and the complete sequence is reconstructed from overlapping fragments. Large-scale sequencing projects have spurred on recent technical improvements to reduce the cost and time required to obtain single-sequence resolution. These advances consist mainly of alternatives to creating bacterial libraries and to Sanger sequencing biochemistry 8 . Hence, integrated sequencing procedures that include library production, DNA amplification, sequencing and contig assembly have recently been developed 9, 10 . These technologies still rely on random DNA shearing but enable the separation of individual template molecules on beads and their independent amplification in a cell-free system by emulsion PCR 11 . Sequencing is subsequently performed on each bead, using pyrosequencing 12 or sequencing by ligation 10 rather than the traditional Sanger method.
However, the use of such integrated sequencing pipelines seems inappropriate when applied to RNA virus genomics. First, viruses are small, intracellular parasites for which large amounts of the targeted genetic material must be separated from the host nucleic acids to construct the library. This requires preliminary steps of tissue culture and ultracentrifugation before shearing and cloning 13 . In addition, the required yields of nucleic acids are difficult to obtain when working on RNA viruses and/or low-replicating viruses. Such a strategy is time consuming, difficult in the case of clinical samples and hazardous with human pathogens. Second, viral RNA genomes are usually small and/or segmented (1-10 kbp molecules). Third, RNA virus genomes frequently consist of short conserved motifs interspersed with long regions displaying high levels of genetic heterogeneity. Therefore, a common sequencing strategy consists of amplifying and sequencing long PCR products obtained using primers targeting the most conserved regions. For these reasons, standard viral RNA genomics has relied on 1-5 kbp RT-PCR amplifications followed by primer-walking, which involves de novo synthesis of specific primers to extend sequencing to undetermined regions. Characterization of a 4 kbp sequence by this method requires at least six rounds of sequencing. Design and synthesis of new primers make this strategy expensive and time consuming.
Alternative procedures can be divided into three groups. The first consists of replacing Sanger sequencing biochemistry with cheaper and faster technologies, such as pyrosequencing or sequencing by ligation-hybridization. However, their short read length, limited to 100 bp, is poorly adapted to high-throughput sequencing of short genomes. The second alternative avoids de novo primer synthesis by making use of a premade oligonucleotide library. Primers may be: (i) 5-10mer oligonucleotides randomly synthesized that are used either alone [14] [15] [16] or in a modular combination [17] [18] [19] [20] [21] [22] or (ii) oligonucleotides resulting from high-throughput synthesis 23, 24 . To date, the size of the required oligonucleotide libraries limits the use of these methods. The indexer walking 25 method has recently been proposed: DNA is submitted to cycles of digestions followed by terminal ligation of oligonucleotide adaptors ('index'). One end of the cloned DNA is sequenced with M13 universal primer, and this first sequence is analyzed to find specific endonuclease restriction sites close to its 3¢ end. DNA is digested with the selected enzyme before ligation of a specific double-stranded indexer, amplified by PCR and submitted to Sanger sequencing primed with the indexer. These steps are repeated and allow unidirectional progress into the unknown sequence. As the indexer library is considerably smaller than those previously proposed, indexer walking might be a costattractive method as it avoids systematic primer synthesis. However, the procedure remains time consuming for the following reasons: (i) the choice of the indexer is a function of the nucleotide sequence determined in the previous cycle and (ii) experimental
handling for a single cycle of digestionligation involves DNA amplification and DNA purification by gel purification, ethanol precipitation and streptavidin-coated beads.
Overview of the LoPPS technique
The third alternative uses the shotgun strategy to create, from a PCR product, a DNA library of fragments short enough to allow one-step complete sequencing. One major advantage of the shotgun strategy is the potential for automation of the entire process. Automation of bacterial growth, plasmid DNA purification and sequencing enables rapid sequencing of numerous large DNA genomes to high-quality standards with attractive cost profiles. We have developed the long PCR product sequencing (LoPPS) procedure (see Fig. 1 ) on the basis of this shotgun strategy. Three to five kilobasepair PCR products, generated by any standard PCR or RT-PCR method, are randomly sheared by ultrasound into B700 bp DNA fragments. The protruding termini are repaired to create blunt ends and 3¢ A-overhangs added to allow TA cloning and to avoid fragment concatenation. The number of clones required for contig reconstruction is predicted from the length of the initial PCR product (see Table 1 and ref. 36) . Clones are randomly selected and sequenced with the T7 PROM vector primer. Finally, the target sequence is reconstructed from overlapping fragments.
Applications of the LoPPS technique
Although this strategy was originally developed for application to RNA virus genomics, it can be applied to any PCR product regardless of its origin. Long PCR amplification protocols were first developed by Barnes 26 and Cheng 27 to study large human and bacteriophage genes. Long PCR amplifications are now involved in numerous biological molecular studies: constructions of viral infectious clones [28] [29] [30] ; cloning and expression of large-protein genes 31 for structural or functional studies; replacement of the standard subcloning strategy 32 ; and site-directed mutagenesis 33, 34 . Sequence determination of the cloned DNA is crucial to such applications for which LoPPS may be a convenient tool.
Advantages of the LoPPS technique
This procedure requires amounts of amplified DNA as low as 100-200 ng, a result that cannot be achieved with the primer-walking method. Such amounts are also consistent with the yields of long RT-PCR for which high DNA concentrations may be difficult to achieve. In addition, the method gives access to an evaluation of the 
number of clones to be sequenced to cover the PCR product P: probability for a position to be sequenced at least once (set at 0.999 for 3 to 5 kb products; value for products 45 kb was not experimentally assessed)
S: average size in bp of sequences obtained from clones (set at 700) L: size in bp of the PCR product to be characterized Simplified formula to determine the number of clones to be processed N E 9. 
info/mda/uk).
Experimental design for PCR amplification PCR or RT-PCR can be performed using either specific or degenerate primers. Amplified DNA should be checked by gel electrophoresis before starting the LoPPS procedure. It is not necessary to purify the DNA unless nonspecific amplicons 4 400 bp are observed. In the latter case, the target product should be gel purified prior to LoPPS. EQUIPMENT SETUP Sonicator Place the 3 mm tapered microtip on the sonicator and set the amplitude control to 20%. Electroporation device Set the resistance to 200 ohms, voltage to 2,000 V and capacitance to 25 mF.
PROCEDURE
Shearing of DNA by sonication TIMING 5 min 1| Transfer the DNA sample (from 0.2 to 20 mg of PCR reaction) to a 1.5 ml microfuge tube and make up to 250 ml final volume with distilled water.
2|
Place the 3 mm microtip of the sonicator in the sample. m CRITICAL STEP Avoid contact between the microtip and the tube, as the tube could burst.
3| Perform three 5 s pulses, each separated by 5 s. ! CAUTION Use ear protection against ultrasound. m CRITICAL STEP The target size of sheared products is B700 bp. More pulses or longer pulses will produce shorter sheared fragments. The progress of shearing may be checked by agarose gel electrophoresis after Step 6 (concentration of DNA may be required for visualization): a smear centered around 700-1,000 bp should be observed. Reassessment of shearing conditions may be required to process products significantly higher than 5 kb.
4| Remove the tube and rinse the microtip with 0.1 M HCl followed by distilled water. ' PAUSE POINT Sample can be stored at 4 1C up to 1 week.
Column purification TIMING 15 min 5| Transfer 250 ml sheared DNA onto the Nanosep 100K column. m CRITICAL STEP If other columns are used, check by agarose gel electrophoresis that they efficiently remove fragments o400 bp (this is critical to ensure efficient ligation). 11| Add 200 ml distilled water, and apply the mixture onto the Nanosep 100K column.
12| Column purify as described in Step 6. ' PAUSE POINT Sample can be stored at 4 1C up to 1 week.
Addition of 3¢ A-overhangs TIMING 50 min
13| Transfer all of the purified sample from Step 12 to a 0.5 ml microfuge tube.
14| Set up a 50 ml reaction as detailed in the table below.
15| Incubate at 72 1C for 30 min.
16| Make the volume up to 250 ml with distilled water and purify on Nanosep 100K column as described in Step 6. ' PAUSE POINT Sample can be stored at 4 1C up to 1 week.
Ligation with pGEM-T Vector System I kit TIMING 5 min handling, incubation overnight 17| Transfer 3 ml DNA from Step 16 to a 0.5 ml microfuge tube.
18| Set up a 10 ml reaction as detailed in the table below. Include a positive control, as indicated.
19| Incubate overnight at 10 1C. m CRITICAL STEP The manufacturer's manual states that incubation maybe performed for 1 h at room temperature. However, overnight incubation will produce the maximum number of transformants for fragments around 700 bp. ' PAUSE POINT Sample can be stored at 4 1C up to 1 week. 1.5 ml 10 mM dATP 2 ml Taq DNA polymerase 2 ml (10 U) H 2 0 up to 50 ml 1 . 5 ml
Stock component Standard reaction
Positive control DNA from Step 16 3 ml -Control insert DNA -2 ml 2Â T4 DNA ligase buffer (kit) 5 ml 5 ml PGEM-T vector (kit) 1 ml 1 ml T4 DNA ligase (kit) 1 ml 1 ml H 2 0 -1 ml Clone selection 21| Determine the number of clones to be processed (N) according to the length of the PCR product using one of the formulae presented in Table 1 . This number takes into account the setback percentage resulting from: (i) false-positive colonies, (ii) clones with shorter inserts than expected and (iii) failure of the sequencing reaction. It is not necessary to overestimate N for a target up to 5 kb. Processing larger products may require reassessment of N.
Stock component Volume
22| Select white colonies and process them for sequencing with T7 PROM primer according to the high-throughput platform recommendations or a standard laboratory procedure. Colonies may be (i) grown in standard media containing ampicillin before plasmid extraction; (ii) selected and transferred to another agar plate; or (iii) inserts may be amplified with M13 primers to sequence PCR products. m CRITICAL STEP Do not prime the sequencing reaction with M13 primers, as they are more distant from the insert than T7 PROM primer and would reduce the length of the informative sequence read.
Analysis of sequence data 23| Import the chromatograms into the Sequencher software program. m CRITICAL STEP Any software that enables sequence assembly may be used.
24| Use the 'trim vector' and 'trim ends' functions with default parameters to remove plasmid sequences and ambiguous termini (bases are trimmed until the first 25 nt contain less than three ambiguities).
25| Assemble the contig automatically by using the 'dirty data' algorithm and starting with a minimum match percentage of 90% and a minimum overlap of 20 bases. These values may be lowered to add the remaining sequences whose chromatograms may display more ambiguities.
? TROUBLESHOOTING 26| Correct the resulting contig manually for ambiguous bases and overlapping regions. The time required to construct the final sequence depends on its size and on the quality of chromatograms (in our experience, it takes about 1 h to construct and correct a 4,000 bp contig). Table 2 .
ANTICIPATED RESULTS
We have used the LoPPS procedure to characterize 24 different PCR products whose size ranged from 2,579 to 4,766 nt 35 . All products were fully sequenced, and each nucleotide was read 4.4 times by mean. For example, we sequenced a 3,358 bp PCR product by processing 30 clones. The final contig was obtained from 26 sequences ranging from 233 to 984 nt long with an average on 732 nt. All positions were read two to nine times, and inserts were homogeneously distributed along the products as shown in Figure 2 . 
